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PREFACE 
Thi s  paper p re sen t s  t h e  r e s u l t s  of one phase of s t u d i e s  conducted 
dur ing  t h e  per iod  March 3,  1967 - February 1, 1968, under NASA r e sea rch  
con t r ac t  NSR-05-003-189, "Materials S tud ie s  Related t o  Lunar Surface 
Explorat ion,"  wi th  t h e  Un ive r s i ty  of C a l i f o r n i a ,  Berkeley, Ca l i fo rn ia .  
Th i s  r e sea rch  e f f o r t  i s  sponsored by t h e  Lunar Explora t ion  Off ice ,  
NASA Headquarters,  and i s  monitored by t h e  Space Sciences Laboratory,  
George C.  Marshal l  Space F l i g h t  Center.  
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THE MEASUREMENT OF ROCK DEFOKMABILITY IN BORE HOLES 
Abstract 
Lunar planning of structures founded in o r  upon rock calls for  the 
determination of mechanical behavior of rock members involved. Testing in 
bore holes appears to be the most convenient form of investigation. 
Devices for  measuring rock deformability in bore holes a re  of three 
types: dilatometers, which supply an all  around radial pressure to the whole 
of the bore hole wall; bore hole jacks, - which supply a unidirectional, self- 
equilibrating pair of forces to opposed sectors  of the wall; and penetrometers, 
which force a rigid die into a small  portion of the wall. 
reviewed, and an NX bore hole plate bearing device, a new bore hole jack 
developed by the authors, is described. 
These devices a re  
For interpretation of dilatometer data, a simple well-known relation 
gives E, Young's modulus, in t e rms  of the diametral formation corresponding 
to each increment of pressure.  An expression giving E for bore hole jacks is 
derived in this paper, and the influence of rock and jack characteristics on 
data interpretation is analyzed. 
Results of bore hole jack tes ts  conducted in earth rocks at three s i tes  
showed good agreement with results of other static, in situ loading tests.  The 
results of bore hole jack tes t s  thus definitely reflect the properties of the rock 
mass  rather than of the rock substance. This is because the volume of rock in- 
volved in the test, about one cubic foot, is sufficiently large to embrace signi- 
ficant rock defects that a r e  not usually represented in laboratory testing of 
samples. 
The tes t s  a r e  easy to perform and the equipment reasonably light, 
enabling i ts  adaptation to  lunar testing. 
THE MI.:ASUREMENT OF ROCK DEFOliMABILITY I N  BORE HOLES 
INT RODU C T IO N 
A A P  and post-RAP development of the moon will require consideration 
of surface and subsurface structures i n  rock (deep bore holes, scientific sta- 
tions, underground chambers for storage and waste disposal, etc.). Sound 
engineering will achieve the optimum results only if based on intimate know- 
ledge of the modes of mechanical behavior of the materials involved. 
must be true on the moon as it is on earth. 
mination of moon rock load-deformation characteristics. 
be used in the measurement of in s i t u  s t resses  in rocks within bore holes. :# 
For mapping and describing various rock members within an earth site, many 
feet of dril l  holes a re  frequently completed. However, quantitative characteri- 
zation of the rock units on the sole basis of returned samples is apt to be 
misleading; the softer and weaker components of the rock tend to be lost and 
the fabric of the rock block - fracture system in situ is not sampled. 
contrast, tile walls of the borings form virtually complete 
rock penetrated by the drill.  
Accordingly, within the past few years  a number of devices have been 
This 
Hence, there is a need for deter- 
These data can also 
In 
11 samples" of the 
developed withich can be inserted into a bore hole to apply a load and measure 
the response directly on its walls. 
methods, the advantage of reduced size and deeper investigation. 
r 
They combine, with respect to other bulkier 
The following constitutes an extensive view of devices for measuring rock 
deformability in bore holes on earth. 
praisal  of the adaptability of such measurements to a Lunar Exploration Program. 
The purpose of this study is to guide ap- 
Weuz6, F. E. ,  and Goodman, R. E . ,  "Techniques for measuring s t resses  in 
rock on the earth. 
Civil Engineering, University of California, Berkeley, February 1968. 
Adaptability to a lunar exploration program, " Department of 
In the last  ten to fifteen yea r s  a number of testing devices have been 
constructed which can be inserted into a bore hole to apply a load and measure 
-I;he.dircct response of the walls of the bore hole. A s  summarized in Table 1, 
these devices are of three types: ( I )  instruments that supply a uniform inter- 
nal pressure in the bore hole by pressuring a fluid i n  an expandable jacket 
(bore hole dilatometers); ( 2 )  devices that supply a unidirectional pressure to 
a portion of the circumference of the bore hole by forcing apart  circular 
plates (bore hole jacks); and 
into the wall rock (bore hole 
( 3 )  devices that force a small  indenting pin 
p e ne t r ome t e r s ) . 
Bore Hole IXlatometers --------- 
Two types of full  c i rc le  radial expc?,nsion devices have been developed. 
In the Menard Prcssurernenter” 2, a central  measuring cell filled with water 
is inflated between uppe r  and lower guard cells introduced to minimize end 
effects. The inflation pressure  is obtained from a gas pressure bottle; the 
bore hole displacement i s  calculated from the changing diameter during 
pressuring. The Geoprobe instrument3 is a somewhat s imilar  device. In 
the second type of dilatometer, displacements are measured by differcntial 
t ransformers  placed ac ross  one or more diameters.  
known to the authors a r e  the LNEC (Laboratorio Nacionale de Engenharia 
4 5 6 7 Civil) device , the Janod-1L’Iermin device , Come’s cell , the tube deforinetcr , 
and the sounding dilatometer8’ ’. 
deforinetcr which has three groups of 8 LVDT’s giving the diametral  defor- 
mation every 60” around the circunifcrcnce in the centcr and at each end of 
the loaded area. 
Instruments of this type 
The most elaborate of these is the tube 
2 
Bore Ilolc Jacks -- 
To the authors' knowledge, there i s  presently no dilatometer capable 
of applying to the rock a pressure  greater  than 2, 200 psi (see Table I). 
This is a satisfactory upper li.init of pressure  for  many rock types and ex- 
ceeds the actu-a1 s t r e s s  level generated by most types of civil engineering 
works. 
it is possible to increase this maximum pressure by driving stiff plates against 
. 
To reach significant s t r e s s  levels over a larger  volume of rock, 
the bore hole walls by hydraulic pistons, wedges, o r  flat jacks. In this type 
of instrument, re fe r red  to h e r e  as a bore hole jack, a unidirectional, rather 
than radial, pressure is applied to the rock over two diametrically opposed 
sectors  of the wall 2 p w i d e  ( see  figure 3a). 
jacks coinpared to dilatometers is the less precisely known pressure condi- 
tion under the load; however, there a re  offsetting advantages. 
being directional, the tcs t  can be oriented and focused on certain geologic 
targets, e. g. it can be used to  measure the force necessary to pry apart  
joint planes intersecting the hole, particularly if  visual observation (s t ra ta-  
scope, borehole camera)  is made before and aftcr jacking. Further, the 
higher pressures  possible allow the tes t  to be carr ied beyond the elastic 
region of many rock types allowing an appreciation of strengtll to be gained. 
Dilatometers can do this only in weak rocks  and soils. 
a l a rger  volume of rock is affected by the test  for a given diameter. 
A disadvantage of bore hole 
The load 
A s  has been noted, 
r 
There are 7 bore hole jack devices known t o  the authors. The 
Centex cell (central expanding cell) lo, l1 i s  a split cylindrical sleeve forced 
apa.rt by the driving of a conical mandrel. 
in deep applications. 
It i s  not always recoverable 
T h e  German s t r e s s  s t ra in  i s  a similar device 
in  which wedges arc spread apart  by advancing a screw. Talobi-e's jack 12 
is s imilar  i n  concept but v:as d e s i p c d  for use a s  z! s t r e s s  meter  and i s  1imitc.d 
3 
sheets. . 1iitciiclc:cl a s  a stress iiieter, the unit niust be ccmctited in  the hole 
for a single ~ncasureiiient; heiicc it i s  practical oiily in special  ci rcuinslances. 
The geoexteiison-icter20 is another bore holc jack employing circular  pistons. 
The contact angle 2 p is about 140" . 
Jaeger and suggested the use of four curved jacks manufac- 
tured by roll iiig thin walled tubing about a parallel cylinder. Two diametri- 
cally opposed curved jacks c:odtl be uscd  to a.pply a radial p ressure  over 
t w o  quadrants while the response of cuivcd jacks in the contiguous quadrants 
could be used as deformation meters .  
no instrument was actually built and used in  the field to the authors' know- 
ledge. 
The theory has been developed but 
1 g*: The hX plate bearing device 
the authors. A s  shown in I{'igu:-e 1, it consists of two steel plates with 
2 13 = 90" forced apart by 12  race track-shaped pistons selected to giv? 
was developed and f i rs t  applied by 
maximum hydraulic efficiency. T w o  LVDT's give thc diametral deformation 
at either end of the  8-inch long plates. 
ment to a thickness of 2 -  3/4 inches affording 114 inch clearance for positioning 
in an IVX hole. 
Two return pistons close the instru- 
The total piston travel is 1 / 2  inch; the L V D T ' s  have a linear 
range of 0. 20 inch and a r e  adjusted to begin their  linear travel when the 
plates a re  about to contact the rock. 
in  the hydraulic line, produces 9, 300 psi unidirectionally against the rock 
Ten thousand psi, the maxiniuni pressure 
giving a maxirnum total force of about 152, 000 pounds. 
--____ 
V a t e n t  Pctidiiig - No. 573, 92 0. Inventors: Goodman, Ilarlelnoff, and 
Homing; liccriscd by Slope Indicator Co.  , Seattle, W:ishingtoti. 
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B 0 r e  I1 o I. e 13e ne t r o in c t e r s 
t 
A s  opposed to jacks and dilatometers which are plane strain clcviccs, 
bore hole penetrometers a r e  three-diiizensioiial iu concept. 
rigid die is pressed iiito the bore hole wall. 
the rock in these instruments is very high because the a rea  is small. 
rock behavior is complex and no theory i s  presently known to account for it. 
Interpretation of data is based upon laboi-atory cal.ibi-ation. 
Mines bore hole penetrometer" is designed to measure rock response to 
high load a.t the site of r o c k  bolt anchors. 
devices were designed to  function a s  stiff active gages in s t r e s s  measurements. 
Several other stiff s t r e s s  gages, not described in Table 1, could also be 
adapted for  u s e  as bore hole penetrometers. 
A small a r ea  
The contact pressure against 
The 
The Bureau of 
18 J J u l t d 7  and Dryselius's 
"tie result of defoi-inability testing in  a bore hole of diameter d i s  
a c u r v e  of applied pressure  Q versus diametral  deformation ud' 
the load, maintaining the load for extended periods, and using othcr test 
By cycling 
procedures comnioii in rock engineering studies, valuable qualitative con- 
clusions can be drawn about the rock properties in addition to quantitative 
information. If the Poissoii 's ratio of the rock (I/) i s  assumed or  measured, 
a bore hole dilatometer o r  jack gives an expression for  Young's modulus 
from the ratio of A Q  to Aud!d for each load iricreiiient as discussed below. 
The selection of final values of deformation niodulus for design purpose, 
as for other in situ tests,  will make iisc of engineering judgement based in 
part  on  resul ts  obtained from all tests pcrfoi-ined in a comprehcrisive testing 
prograrn. An esaiiiplc of this i s  givcri in ?'able 5. 
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FIGURE Ib  DEVICE DISASSEMBLED. 
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Bore IIole Dilatometer Data -- 
An expression for  E is easily derived froin the thick walled cyliiider 
f o r n ~ u l a s ~ ~  by solving for the displaceiiicnts under internal pressure 0, 
when the outer racl'ius goes to infinity and the outer pressure is zero. 
gives: 
This 
E =  AQ ( I  I- v )  
ud/d 
Even if  the rock m a s s  is under initial stress, this approach is still valid 
unless the rock is highly nonlinear a s  the displacements on pressuring the  
dialtometer a r e  due only to  the applied load. 
tangent inodulus along the 
test, the lowest values for E are  generally obtained at  the lowest s t r e s s  
levels and the highest along the linear portion of the load deformation curve 
at the highest s t r e s s  level when no fracture o r  yielding takes place. 
E w i l l  be computed as a 
AQ, A v )  curve (see figure 9).  A s  in any loading 
Bore Hole Jack Data 
Quantitative interpretation of measurements made with bore hole jacks 
involves a more difficult formula because the loading i s  not continuous over 
the circumference of the bore hole wall. 
Jaeger  and Cook's Quadrantal curved the force is directed at an 
inclination to the normal to the bore hole ~ l l  at all points except the line 
of symmetry. 
placement ra ther  than constant pressure.  
than the rock and will be driven out w i t h  very little bending. 
pressure will not be uniform and pressure readings will represent an average 
Further, except in the case of 
The boundary conditj.on to  be satisfied is one of constant d i s -  
The steel  plates a r e  much stiffer 
The boundary 
value over the steel- r w k  boundary. EIowever, a s  will be shovin, constant 
displacement solutions are very little different from constant pi-essure 
8 
solutions j i i  th is  c l a s s  of probleiiis i f  thc average pressure and avergge dis- 
placement over the plate - rock contact a r ea  a r e  used in coilzputations. 
(a) Radial P res su re  Over  Diametrically Opposed Sectors of the Bore Hole Wal l  
The sol.ution to  this  problem was obtained by Jaeger  and Co0lrl5 using 
the complex vai-iable method. 
Appendix. 
center line of the plate, where t h p  plate extends from 1-p to  -p (figure 3a) 
is given by 
The coinplete derivation is given in the 
The radial displacement (u,) at  an angular distance from the 
cos 2118 sin 2 n g  
n=l  
The average displacement of plates of given angle 2 p may be obtained by 
integration. The resulting formula for E would only apply in  the case of 
jacks with radial applied pressvre;  a s  yet there are none. This formula 
should not he used to interpret uniaxially acting bore hole jacks. 
(b) Unidirectional P res su re  Over Diametrically Opposed Sectors of the Bore 
Hole Wall 
This is theoretically the problei-n poscd by the use of unizxially acting 
A unidirectional constant pressure boundary condition from bore hole jacks. 
- p  to +-p may be resolved into a constant radial boundary pressure over the 
borehole section of width 2 p a  and shear  and radial p ressures  clistributed 
sinusoidally over the width 2 p a s  depicted in the Appendix. In the course of 
this investigation, a solution vias obtained for the sinusoidally varying shea r  
and normal  force on tlirt wall (Appi.ricli?;) .  
solution (Eq. 2 )  yiclds tlic folloning f o r n i u h  for thc raclinl displacerncnt 
Supci*positi~ri with Jaegcr's 
9 
of a p i n t  oil tlic wall at 0 fi*oin the ljnc of symiiictry. 
1 1 
cos 2(1n - l) O J  
cos 2 111 0 4- 2 m +  1 2 111 - 1 
1 
f -- (3) 
The  average displaceiiient is found by integrating the horizontal dis- 
placement over thc vertical component of each a r c  segment in contact with 
the plate, i. e. f rom -p to +(j. 
may be written 
The result, shown fully in Eq. 31, Appendix, 
where AEd i s  the average diametral  displacement for a given increment of 
pressure A Q  and d i s  the bore hole diameter. Values of I<(L~,  6) a r e  given 
in Table 2 .  
Influence of Plate Width -- 
Figure 2a, pl >ttcd f r o m  Table 2, shows the variation of K with change 
in p, the angle subtended by half the plate width of arc .  
according to Eq. 4, is the s lope of ttic line relating 12 to the ratio of the measured 
quantities AQ and Aud /d .  
parison of the sensitivity of jacks designed for  different platc  wiclths. 
l'he quantity K, 
The variation of I< L v i t h  f i  thus affords a com- 
T h e  
maximum sensitivity - - the highest value of I< - -  occurs at values of fi 
about 45" (figure 2a), tht: viidth selectcd in  designing the NS platc bearing 
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test device. 
to narrow plates, a punching failure of the rock might take place. 
this would hardly be the case when 
It should be noted here  that for  snial.1 values of F, corresponding 
However, 
i s  a s  large as 45O . 
Effect of Poissonls  Rztio 
7 
Figure 2b shows that for a given AQ and Aud/d, the interpretation of 
E is fairly insensitive to Poissonls ratio (v), except at  high values of v. 
A 50% overestimation in L; from 0 . 2  to  0. 3, would lead to  a 3. 25% underes- 
timate of E If v were taken a s  0. 4 ra ther  than the assumed t rue value of 0. 2, 
and e r r o r  of loo%, the value assigned fo r  E would be underestimated by 
8.50% 
field and laboratory values. 
bore hole would give a value representative enough to  preclude such large 
e r r o r s  on the Poissonls  ratio, hence reducing the e r r o r  on E to  a negligible 
amount. 
A s  opposed to  E, v is not subject to  large di.screpancies between 
Thus simple testing on cores  retrieved from the 
Effect of Non Linear Rock Propert ies  
Qualitative interpretation of bare hole jack o r  dilatometer data in 
rock exhibiting non linear s t r e s s  - st rain behavior i s  entirely appropriate 
and meaningful. However, a s  the entire analytical discussion assumes linear 
elastic relations, quantitative interpretation using these results, even in 
incremental form, may be erroneous. 
Effect of Sieel Plate 
The mathematical solution to the bore hole jack problem was clcrived 
for a condition of constant horizontal pressure on the inner boundary. In 
actual fact the boundary condition on the loadccl border of the  bore hole is 
coriiples and unknown owing to the unknown coupling bctween the steel  p l a t e s  
and the roc:l; surface. F’igure 3a prescnts a rcasonnblc charcterization of thc 
12 
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actual boundary conditioii in the bore hole platc bearing devicc. 
hydraulic pressure  b e a r s  against the inner sidcs of the plates. 
very hard ~*ock, the plates are  so niucli stiffer than the rock as to be driven 
outward with little bending. 
placement of the rock border; other components of displacement may be con- 
A uiiiforiii 
Except in  
The result is a nearly constant horizontal dis- 
sidered to  exist and be unequal according to the friction and Poisson's ratio 
contrast between the steel  and the rock. 
To a s ses s  the significance of this departure fi-on1 the assumed boun- 
dary condition, consta-nt displacement and constant pressure solutions were 
compared for v = 0. 25 using the method of finite elenient analysis in plane 
strain.  
pressure distribution and displacement vectors along the wall of the bore 
hole a re  compared for the constant pressure and constant displacement solu- 
tions, in figures 3b, c and 3d, e, respectively. 
A fine mesh was used with 775 nodal points and 720 elements. The 
The procedure consists of inyuting a co:istant pressure (or  constant 
X displacement) along the boundary jack-bore hole, computing the average 
X displacement ( o r  pressure)  from the output, and using the average value 
obtained in Eq. 1. For p = 45" and Y = 0. 25, one obtains I< = 1. 250 for the 
constant X displacement case and K = 1. 235 for the constant pressure  case 
a s  compared to I< = 1. 254 for  the exact analytical solutions. 
X displacement case is believed to be the more representative of actual field 
behavior and i ts  simulation by finite elenient analysis gave the closest result 
to exact solutions (I< = I .  250 v e r s u s  I< = 1. 254). 
finite e le men t ap p r ox im at i o n . 
The constant 
This i s  the exterrt of the 
Effect of Finite Test  Length --- -._.--I_.- - 
The plane s t r a i n  solution assiiii?c-s an infinite tesl lengtli. In actual 
fact the h% bore hole plat(: bcal-ing devicc h a s  a length to diamcter ratio of 
14 
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SCALE OF PRESSURE - 
0 5ooo PSI 
8 " /  3". 
sional problem in prismatic space which could not be solved in closed form. * 
However, an estimate of the end effect w a s  obtained by performing a three 
dimensional finite element analysis using a new computer program developed 
by Professor  E. L. Wilson26. 
applied to a portion of a longer space whose c ros s  section is constant. 
The variation of load along the length of the space is achieved by Fourier 
To calculate the effect of the finite plate is a difficult three dimen- 
In this approach, a load of finite length i s  
expansion making repeated cumulative passes  through the problem. 
Figure 4 gives the variation of displacement at the border of the bore 
hole over the width and length subjected to uniform pressure (v  = 0. 25). 
The value of I< corresponding to the average displacement under the loaded 
a rea  is 1. 06. The corresponding value from finite element analysis of the 
plane strain approximation is 1. 23. Thus the finite length may be taken 
into account by reducing by 14% values OP E derived froin Eq. 4 and Table 
2J i. e.  
A Q  E = 0.86 K (u) -- 
A uti/ d 
(5) 
In the NX bore hole plate bearing device, d = 3 inches, and Q is 
Putting these values in Ey. 5 yields (he 93% of the hydraulic pressure  Qh. 
following equation for  interpretation of field data in tests with this instrument. 
* Q h  E = 2.40 I< (v) -
d A u  
$The related three diiiiensional problem of a hydrostatic pressure of finite 
length 2 c in a circular  hole of radius a was solved by t ranter  in 1946 (Qtly 
- of Applied Mathemaiics, vol. 4, p. 298). The  three dimensional e f f e c t K s  
In the NX plate bearing test, c!a = 2 .  67. 
~ ~ " - .  ---./.-- 
10 f o r  c a = 0. 5 and was decreasing rapidly with increased load length. 
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'I'Af3 LE 3 
Values of Constants in ISqucltioii G 
V 0 0. G 5  0. 10 0. 15 0. 20  0. 25 0. 30 0. 35 0. 40 0.45 0. 50 
-_ -- ~-______-- __I.___- 
K (vi 1. 38 1. 29 1. 29 1. 28 1. 27 1. 25 1. 23  1. 2 0  1. 17 1. 13 1. 09 
2 .40  I< ( v )  3. 07 3. 10 3. 30 3. 07 3. 05 3. 00 2 . 9 5  2 .88  2 . 8 1  2. 7 1  2.62 
------- .____- 
The complex variable method leads to s e r i e s  formulas for the s t r e s s  
components in the rock, a s  presented in the Appendix. 
of the bore hole by the action of the jack leads to a tangential tension on 
the w a l l  of the bore hole at o =  90" . 
The thrusting apart  
For the Nx' bore hole plate bearing device, fi = n/4 giving a tangential s t r e s s  
concentration at 0 The onset of tensile cracking at  this point 
could be used a s  a measure of the tensile strength of the rock if a bore hole 
camera is used concurrently. From Eq. 32, one also obtains at  E) = 0" , 
(r 
90" of - 1. 0. 
= 0. 875 Q (compressive). 8 
The s t r e s ses  around the bore hole expressed as a concentration of 
the jack pressure  a re  presented in figures 5a, b, and c. 
18 
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Iiiflucnce of Possible Crack Formation 
In all  that precedes, the rock has been assumed to  be homogeneous, 
isotropic and linearly elastic. 
dered around the bore hole. 
which the jack can induce, superimposed onto the in situ s t r e s s  concentrations, 
it is not unlikely that cracking might develop around the bore hole particularly 
Moreover, no failure criterion has becn consi- 
However, owing to the magnitude of s t r e s ses  
i n  soft o r  weak rocks. 
in those regions where high tensile s t r e s ses  a re  found to develop; the critical 
ones w i l l  be the tangential s t resses .  Then, upon data analysis, corrections 
shall be introduced to  take care  of the apparent reduction in the computed 
modulus of ealsticity to obtain the t rue value for intact rock. 
presented above a r e  now discussed. 
Cracks could be originated and propagated primarily 
Both concepts 
The complete tangential s t r e s s  field at selected points (on the walls 
of the bore hole and in the planes of principal s t r e s ses )  around the bore hole 
can be readily obtained by superposition of the effects of in situ biaxial 
s t r e s s  field (S, T) and of jacking (Q). 
concentration factors. 
before jack pressurization can take different forms. 
Figure 6b assuming that S!T = N = v /  ( 3  - v) (lateral  constraint). If S and 1' 
Figure 6a gives the tangential s t r e s s  
Depending upon the ratio SIT, the s t r e s s  pattern 
They a r e  shown on 
have been actually measured, the proper value will then be used. 
cation of a jack pressure  &, the additional tangential stress induced is for 
Upon appli- 
fi = 45" at  €I= 90" , or = - Q and at 0 = O? , oo = 0. 875Q. 
complete tangential s t r e s s  pattern at the selected points is shown on Figures 
Accordingly, the 
v 
6c and Gd when jacking takes place in the direction of either principal s t ress .  
These a re  the two extreme eases  in t e rms  of tangential s t r e s s  magnitude. 
It can be seen that the most  unfavorable situation i s  when jacking takes place 
in thc dircction of thc minor principal stress. High tcI1sile tnngential s t r e s ses  
will then be induced in tiic: plane pcr'pcndicular to  tiic direction of jacking, 
20 
and the lower the Poisson’s ratio of t h e  rock, the. higlicr their  magnitude. 
In the cventuality of crack €oi*ination in a plane perpendicular to 
the direction of jacking, the observed displacciiient o€ the jack plates will be 
greatcr  than tlic one taking place in an intact bpcly. 
elasticity computed from load -- deformation curves will be lower than i f  
no crack i s  initiated. 
by simulation technique. 
was used according to  previous conclusions. 
allowing no tensile strength for a certain distance d from the bore hole along 
the plane perpendicular to  the direction of jacking. 
Thus, the moclul.us of 
Evaluation of the required correction on I? was attempted 
The constant X displacement finite element model 
Cracking was simulated by 
‘l’hree cases  were considered: 
d = a12 (crack extending to a half radius distance) 
d = a  
d = 5a 
(crack extending to a one radius distance) 
(siriivlates a half infinite medium for all practical. purposes) 
The resu l t s  are coinpared in Table 4 with the case of no cracking. 
TABLE 4 
Influence of Possible Crack Formation 
Length of Crack K Variation i n  K Apparent Decrease in E 
- -  - 0 1.250 3 - 0  
a/ 2 1.410 + 1370 - 337; 
a 1.553 + 247; - 247; 
5 a  1.614 3- 29% - 29% 
- _I_-- - _--_______ 
U n l e s s  indicated by a break, o r  yield point, in the load deformation curve, 
cracking a depth in a borehole would be monitored by means of Gore hole 
camera,  bi t  i ts  extent from the wall inside would be extremely difficult to mea 
sL1r.c. ITo~r:e’iTCr, from figure 511, on2 can s ~ c  that  at a distance, d = 1 radius, 
the maxiniurn tensile tangential si:-css intlucctl by jacking h a s  decreaseci to 
0. 1 Q (mauiumuni value = 9 3 0  psi). ~ I ~ r ~ o v e r ,  ic i thin a shoi-t distancc from 
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+3 -s +3T 
-I Q--- T T  -3s-T 3s-T4-- izli 
+ 3  - S + 3 T  - I  
f 
0 
a) TANGENTIAL STRESS CONCENTRATION FACTORS AROUND A BOREHOLE 
IN A B IAXIAL  STRESS FIELD. 
case U = O . 2 5  
N = 113 
case U=0.5 
N =  I 
3 S C 3 3 S  2.66 S 0 2 . 6 6 S  2 S a 2 S  
-S 0 2 s  
b) TANGENTIAL STRESSES AROUND BOREHOLE - NO JACKING. 
- (S+Q)  - Q  2 s - Q  
3s t 3S+ 2.668 2.66 S + 
.875Q .875Q .875Q .875 Q 
4 s  + Q )  
c) JACKING IN DIRECT 
-S  +.875 Q 
- 0  
ON OF MINOR PRINC 
.875 Q 
3s -Q 3s-Q 2.66s-Q 2.66s- Q 
-S+.875 Q .87 5 Q 
2 s - Q  
PAL STRESS. 
2 S + .875 Q 
2s-Q 2s-Q 
2s t.875Q 
d) JACKING IN DIRECTION OF MAJOR PRlNCl PAL STRE SS. 
S = MAJOR PRINCIPAL STRESS (positive in compression) 
T =  MINOR PRINCIPAL STRESS (positive in compression) 
Q =  JACK PRESSURE (positive) 
FIGURE 6. 
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the'bore holc, the in situ s t r e s s  field is again coinpressive. 
unlikely that a crack could propagate beyond between 112 and 1 radius froixr 
the bore hole even in the weakest rock. 
mum correction to be introduced in the coinputed modulus of elasticity 
w i l l  probably never exceed 15%. This  iswell within the l imits of accuracy r e -  
quired f o r  engineering purposes knowing that usually results of any test are 
checked against resu l t s  obtained by other methods. 
a joint intersecting the borehole, the required correction could reach close 
to 3070 and it i s  suggested that a close examination of jacking explacements 
be made before actual testing in order  to  avoid the influence of major dis-  
continuities in the rock mass .  
Thus it is very 
Accordingly, the corresponding maxi- 
In case of jacking ac ross  
Influence of Wal l  Roughness and Roundness 
Other. investigators 30J 31 have analyzed the influence of borehole w a l l  
roughness and roundness on the accuracy of s t r e s s  determinations from borehole 
deformations. 
and honing devices the morphology of the bore holes enable accurate measure-  
ments. In the case of jack testing, crushing of asper i t ies  might take place 
at the beginning of loading but the modulus of deformation is obtained from 
the linear portion of the load deformation curve which corresponds to  a uniform 
loading. After SuzukiSo, roughness can be limited to  about inches, 
whereas, plate displacement is of the order  of several  inches, so that 
for  practical  purposes, no correction w i l l  have to be introduced. 
They conclude that with modern diamond drilling equipment 
The Size of Bore Hole Jack Tes ts  
A borc hole jack produces non homogeneous s t r e s s  and displacement 
fields in the rock aroulid the bore holc. 
at which the applied pressurc  decays with depth, and figure 7 presents  tlic 
Figures 5a, b, and c give the rate  
23 
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(u 
24. 
w 
J 
0 
rn 
a 
t 
decay of displacement with depth. 
the volume of rock significantly stressed, say to a minimum of 1, 000 psi, 
and within which most, ca. 90%, of the displacement has occurred. A t  a 
plate pressure  oi 9, 000 psi  this  volume extends about 4. 5 inches deep from 
The size of the tes t  can be expressed by 
the wall of the NX bore hole. 
on an irregularly shaped rock domain roughly one foot in maximum extent. 
It is much la rger  than laboratory tests,  and somewhat smaller  than conven- 
tional plate bearing t e s t s  conducted in adits. 
Thus, the tes t  may be considered as operating 
COMPAEISON OF BORE HOLE JACK AISQ OTRER I N  SlTU TESTS 
NX bore hole plate bearing tests were conducted in three undergi.ound 
test chambers where extensive in situ testing programs had been completed 
or were in progress.  These were at  the Tehachapi tunnel near Bakersfield 
(California Department of Water Resources); Dworshak dam near  Orofino, 
Idaho (Wa1l.a Walla District, U. S. Corps of Engineers); and the Crestmore 
mine near  Riverside, Ca1iforni.a (American Cement Co. ). The quipnient used 
in these tes t s  included the NX bore hole plate bearing device, two Scliaevitz 
servo indicators, a double acting 10, 000 psi  hand pump, and Eourdon pres-  
s u r e  gages, as depicted in figure 8. 
A t  the tes t  gallery of the Tehachapi project an adit to the discharge tunnel, 
the rock is a closely fractured diorite gneiss with seams of clay derived from 
the rock by hydrotherinal alteration. 
were obtained in drilling the NX holes for the bore hole plate bearing tes ts  
but the overall recovery was on1.y fair. 
ducted in two horizontal holes. 
Several hard, fresh pieces of core 
Four bore hole jack tes t s  were con- 
In situ t e s 1 s inc I ucl e cl st rc  s s in c a si1 re rx en t 5,  s c i s  111 i c me a su  rc me nl S,  
and plate bcaritig tests. 
ana 1y-s c s vi e rc r n  adc of t t :t: d a t  ;I as s 1-12 i 112 b o t h 11 t i  i fn 2: i i i  arid rot L?.L I c);i a1 cl LS f 1 i‘ c - 
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Four platc: b2aring tt.sts \ v e x  performecl; a n d  
FIGURE 8. COMPLETE EQUIPMENT FOR 
NX BOREHOLE PLATE BEARING TEST. 
THE APPROXIMATE DIMENSIONS O F  THE 
VOLUME OFROCK UNDER TEST IN SITU 
IS INDICATED BY THE CONCRETE CYLINDER. 
2 6  
2 7  tions, as discussed by I<~-usc, et. al. , for similar tes t s  at Oroville. 
Figure 9a presents  a typL cal prcssnrc versus diametral  displacement curve 
for the bore hole jack tests at  this loca-lion. 
plate hearing tests was 700, 000 psi; the avci*age value of I3 from bore hole 
jack tes t s  was 840, 000 psi in the same pressure range. 
The average value of 1.: from 
The Dworshak dam tcsts were conducted in a test  gallery employed 
previously by Shannon ancl Wilson28 €or a comprehensive program of in 
situ rock tests.  
epidote quartz-diorite gneiss. 
a chamber test, and seismic nieasurcments. 
The rock at.this site is a massive to moderately jointed 
The in situ tes t s  included plate beaking test, 
There v4a.s great  scat ter  in  the resul ts  of plate bearing tests; the mean 
modulus of elasticity in  plate bearing was 3. 4 miilion psi with individual 
resul ts  ranging f r o m  500, 000 psi to 5 million psi. Fourteen bore hole jack 
tests were COiiduCted in eight bore holes, three of which were water filled. 
The average modulus from these tes t s  was 2.  1 million psi, with little scatter. 
A typical curve of pressure versus  displacement for bore hole jack tes t s  
is shown in figure 9b. 
An extensive program of i n  situ tes t s  were completed by IleuzE and 
Goodnianag at Crestmore mine, an underground room and pillar mine in 
massive, coarse, crystalline nlarble. In situ tcs t s  included flat jack measure- 
ments, plate bearing tests, and field seismic measurements. Bore hole 
jack tes t s  were conducted in two horizontal bore holes at the site of the 
flat jack emplaceme- ts. 
the load deformation curves 011 pressuring the flat jacks averaged 1. 8 
million psi. 
for E. 
the bore hole tcsts is given in figure 9c. 
The  modulus of elasticity values computed froni 
The bore hole jacks gave an average value of 1. 5 million psi 
A typical curve of plate pressure versus c?ianietrzJ displacement for 
Table 5 i s  a summary and comparison of tes t  results from the thrcc areas .  
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A t  each of the sites, E was measured, additionally, in unconfined 
compression tes t s  on NX core specimens in the laboratory. These values 
were, in all cases, considerably higher than the resul ts  of static tes t s  in 
situ -- by a factor of 3 or  more.  This discrepancy between field and labora- 
tory values is a common one in  rock testing. Laboratory testing is usually 
conducted on solid samples which a r e  not fully representative of the rock 
mass  with i t s  defects. 
rable to those of other in situ tests.  
The resul ts  of the bore hole jack tes t s  were compa- 
Bore hole jack tes t s  are w e l l  suited to measurements of rock deform- 
ability at engineering sites. The t e s t s  are eas ie r  and l e s s  costly to  conduct 
than plate bearing, flat jack, and other in situ techniques; thus many more 
measurements can be made. Furthermore, being conducted in dr i l l  holes, 
rock volumes remote from the surface can be tested. These facts allow one 
to establish the attributes of the rock mass  quantitatively and qualitatively 
in every rock member reached by a work. The values obtained from these 
tes t s  in three earth rock engineering cases  discussed herein were comparable 
to  values obtained by other more costly in situ techniques. 
CONCLUSION 
The following should be considered when rating the probes for lunar 
application : 
1. 
2. How rugged is the probe? Can it be recovered after use? A r e  
What experience is there in i t s  application? 
any fluids used? 
3. How sensitive is it? What is the essential measuring device 
(volumetric gage, LVDT’Is, dial gage extensometer, etc.)? 
4. 
ture variations? 
5. 
I s  the calibration very sensitive to pressure and extreme tempera- 
What is the possibility of automatic recording and remote control? 
What is the nature of the output (digital, analog)? Can the operation be simu- 
30 
lated by digital techniques? 
6. How cumbersome is the total measuring and monitoring instrumen- 
tation? 
7. How easily can a rock deformability measurement be integrated into 
a complex bore hole experiment on the moon? 
8 .  Would such a tes t  endanger other experiments to be conducted in 
the same bore hole? 
Answers to  these questions are given in Table 6. 
This study indicates that efforts should be directed towards the design 
and/or lunarization of a bore hole jack using LVDT's a s  monitoring units and pro- 
viding automatic recording and transmission of digital output. The final probe 
could evolve from the instrument designed by Goodman, et. al . ,  whose reliabi- 
lity in earth operation has  been investigated here. 
suggested that the use of narrow angle jacks be investigated for testing of soil 
A s  a further study, it is 
E 
andlor rubble strength characterist ics.  
ACKNOWLEDGEMENTS 
The authors wish to thank the engineering agencies and personnel who 
generously offered their  s i tes  for field testing and furnished data from the i r  
own laboratory and in situ tests.  We a r e  particularly indebted to George Kruse 
and A. O'Neill of the California Department of Water Resources; Charles Mona- 
han of Walla Walla District, U. s. Army Corps of Engineers and Frank Foster  
of the American Cement Company. We also acknowledge the help of Ann Finu- 
cane and Gloria Pelatow ski. The NX bore hole plate bearing device w a s  par- 
tially developed .with the aid of a grant from the Pacific Gas  and Electric Company. 
Studies at  the Crestmore mine were supported by a grant from American Cement 
Company. 
05-003- 189. 
Professor  of Structural Engineering at the University of California, Berkeley, 
for allowing them to use h i s  new prismatic space program. 
This research w a s  also partially supported by NASA Contract NSR 
The authors are very grateful to Edward Wilson, Assistant 
31 
i s 
a l- 
K 
W a 
0 
K 
Z 
3 
-I 
a: 
0 
CL 
m 
W 
0 
> 
W 
D 
(3 
z 
a: 
3 
m 
W 
z 
2- 
t- 
-1 
a 
- 
- 
a 
- 
 
a3 
a 
2 
a: 
0 
LL 
W 
n 
Y 
0 
0 
K 
LL 
0 
(3 
z 
I- 
K 
- 
a 
a 
w 
0 z 
W a 
i? a 
it! 
>- 
I- 
4 &. 
rn 
W 
>- 
32 
REFERENCES 
1. Rleiiarcl, L. , %fesurcs Jii-situ Dzs Pi*opri;t& Physiques des Sols , I' 
Aniialea des  Poiits et Chauss&s, No, 3, May-Junc 1957. 
2. Menard, L. , 71Rules for the Calculation and Desjgii of Fo~uidation Elcmieiits 
on the Easjs of Prcssuremetcr Investigations of the Gromid, 
by B. E .  Hartinarm, acljustcd by J. B. Francq (rlistril~utecl by Terra-  
metrics) , A p r i l  1966. 
Traiislatcd 
3. Gcoprobe Instrument, ljtei-ature by Testlab Corporatioil, 216 N. Clintoii St. , 
Chicago, Illinois, 60G06, 1967. 
4.  Rocha, M ,  , et. a l ,  , "Deterniinalion of the D.zformability of Rock Masses 
Proceedings -- o i  1st Congress of the Iiiternational -- Along Boreholes , 
Society for liozk hleciianics, Vol. I, 1966, pp. 697-703. 
5. Janocl, A .  and &Termin, P. , "La Mesure clcs Caractgristiclues des Roches en  
Travaux, July 1954. Place a 1'Aicle du Dilatoin\etre a Ve(r.in.Cylinclri~~i-e, 
.j 
6. Comes, G. , "Contribution a la Determination Des Caracteristiclues Mecaniclues 
d'une Fondation Rocheuse , Tra-vaux, November 1985. 
7. Takano, M. and Shidomoto, Y . ,  "Deformation Test on Xudstone Enclosed in 
a Foundztion by Means of Tube Ceformation, Procesdings of 1st Congress 
of the International __ Society - for Eock Xechanics, Vol. I ,  1966, pp. 761-764. 
8. Kujundzic, B, and Stojakovic, &I. , Il4 Contribution ol  the Experimental 
Investigation of Changes of Mechanical Characteristics of Rock Massives 
as a Function of Depth," Transactions of the 8th Congress on Large --- Dams,  
Edinburgh, Great Britain, May 1964, pp. 1051-1067. 
9. Kujmidzic , B. , "Experimental Research into Mcclianical Characteristics of 
 ROC^ I\/Iasses in Yugoslavia, 11 International journal of ~ o c k  AIcchanics and 
Mining Sciences, England, Vol. 2 ,  1965, pp. 75-91. 
f 
10. Groupe de Travail clu Comite National Francais,  llMesur.e des Nodules de 
Dgformation des Nassifs Roclieux Dans Les Sondages, ' t  I. Proceedins2 
8th Congress on Larw a.-.-.--- Dams, E.  16, Q. 2S, May 1964, pp. 317-320. 
33 
/ 
11. Nocl , G. , 'WIesure ciU hIoclulc. cl'Elaslicite e11 Profoiondeur clans ICs Massifs 
Rochcus. Ccllulc cle ;\Icsurc, I t  Dc l'liistjtut Tcchiliyuc du Batillzcnt ct dcs 
Ti-avaux Publjcs, -- No. 1S5, A l a y  1963, pp. 533-540, 
--___ 
/ /  
12. Ta lo l~rc ,  J. A , IlX,a Mcsuwe hi Situ des Prop15etes Mdcaniques des 
Roclics et la Securitc/ cles Barrages de Grancle IIautcw , 
Q. 28, - Pi*oceedinc)-s CL-.-.---J Sth Coiiy-ess on Large Dams, May 1964, pp. 397-399. 
R .  20, 
13. hlartini, 11. J. , et. al , , "17lethocls to Dztcriiiiiic the Physical Properties 
of Hock, Proceedings 8 tli Congress on Large Dams, May 1964, - - - 
PI). 859-869. 
14. Panel;, L. A .  and Stock, J. A .  , ~fDevelopnzcnt; of a Rock Stress Alonitoring 
Station Based on Flat Slot of lfeasuring Existing Rock Stress ,  
Rcporl of hivestigatio!i 6537, U .  S. Bureau of Mines,  1964. 
USBM 
15. Jaeger, J. C. aiicl Cook, N. G .  W. , lWieo~:y and Appl.icatjon of Curved 
Jacks for Measurenient; of Stresses , 
State of Stress in the Earth's Crust,  Saita bfoiiica, California, May 1963, 
Elsevier Press (ed. J u c ~ c ~ ) ,  pp. 12-1.. 
hteriiatioiial Conference on 
16. Stcai's, J. .H. , 'Thaluation of Penetrometer f o r  Estimatjng Roof 33olt Anchorage," 
USBM Report of Investigation _. - 6646, U .  S. Bureau of Nines,  1965. 
17. € I L L ~ ~ ,  J . ,  "oil the i\/icasureincnt of Stresses in  Solids," Transactions of 
- Chalniers ---__. University ___ of Technolooy, -7 Gotheiibul.g,~~eecleii ,  No. 280, 1963. 
18. Diyselius , G .  , Wonstricktion au Mxtcel for Eeigtrycksstudicr!' (Design of 
a hleasuring Cell for the Study of Rock Pressure) ,  - IVA4 Inaeniorsvetensliapsa- 
kaclemiens Mecldelande, 142, Stockholm, 1965, pp. 135-144. 
19. Goocbnan, R .  E . ,  'IResearch In Geological Engineering at the University of 
California, Berkeley, '' - Proceedings of 4th Annual Symposium ___- 011 Ensineerins 
Geology atid Soils Enginecring, - Moscow, Iclaho , Idaho Department of Highways, 
1966, pp. 155-165. 
/ 
20. Absi, E .  and Bguin,  AT., "Le Nouveau Geocxtensombtre," Supplement to 
Annales cle L'Institut Technique du BatIrricnt et cles Travaux Publics - - ~ - _ _ _ _ _ _ _ _  --__---_ -.------) 
NO. 235-236, Jdy-ALls1St 1967, pp. 1151-1158. 
21. Ladanyi , B. , "Evaluation of Pressuremeter  Tests in Granda r  Soils, 'I 
Proceedcl,.;s of X~cl Panamerican Conference 011 Soil JIecIianics and 
Fourdatio!i Engiiwering, Vol. 1, 1963, pp. 1-20. 
- .- --- 
34 
25. Jaeger, J. C . ,  I___- Clasiicity .-L lpraciure arid Flow, Mcth~~en a d Co., Loiidoii, 
2nd ecl. , 1962. 
26. Wjlsoii, E .  L . ,  "Strcss Analysis of Prismatic Soljcls," SESM Report ,  Dept. 
Civil Xnginecrjng, University of Caljfornia, Berkeley (in press) 1967. 
28. Shaiooii and Wilson, Jiic. , "lii Siiu Itock'Tests for Dv:orshak Dam Site , ' I  
Januaiy 25, 1965. 
8 
29. Heme, F. E .  and Goochnm, R .  E . ,  "Mechaiiical Properties and In Situ 
Behavior of the Cliiiio Limestone, Crcstniore Xine , Riverside, Californiz, 
--_- Proceecliws 3---- 9th SwiFoslum -__.----- on Rock ~ - ~ -  XIechanics, AI3IE ~ April 19G'i (in press). 
30. 8i7ulti ,  K. , "Fundamental study of rock stress measiireineiits by borehole 
;-:formation method, Proceedings 1st Congress of liit'l FOC. Rock Mechanics, 
VOl. 11, pp. 35-39. 
31. Agarrval , R. , "Sensitivity analysis of borehole deforination mcasurenieiits of 
in situ stress determination when affected by borehole excentricity , ' I  
Proceedings 9th Symposium on Rock Mechanics, Golden, Colorado, April 1967. 
35 
APPENDIX 
SOLUTION OF UNIAXIAL STRESS ]?GOB LEM 
BY COMPLEX VARIABLE MEI"I1OD 
Boundary condition at r = a ,  0- = 0,  and 7 Y XY = 0 
At 8 from x - axis (Q = 2 p): 
The problem can be convenieiitly decomposed into two more simple 
problems, A and I3. Each problem will be solved separately, and the results 
a r e  aclcled. The displacement relations and the s t r e s s  relations a re  expressed 
in coinples forms. 
36 
A .  TWO SYhrini[E'TRICA L POltTIOMS OF 
4y 
TI113 
Botziiclary conditions a l  r = a 
P - p < 0 < p. 3 7 1 -  / j < e  < 7 T +  p 
(4) = I  0 p < e < T F - / 3  , Tr + p <  e <  2TF - p 0- r 
 he re 
27T 
d e  -in8 - j' - i 7 . )  e 
27T re An 
0 
* 
This problem was first solvcd b y  Jaeger mcl Cook in Sate of Stress i n  the Earth 's  
Crust  (W. R.  Judd, ed.) ,  Elsevier, 1964, p.  3S1-396. 
-- ---___ 
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k '. I ' ,' ._. 
+' (z) = 
x" (2) = 
Solve for an a id  bn: 
- 11 ail z c 
n=O 
eo 
-n 
n 
n=O m -1 
Dete rrnimt ion of Dis placemen;: 
eo 
(2m - 1) 
m (1 - 2 m) 2 G u r  = Real (R.H.S.) = - BFppa +. Z E P P  a s i n  2 m p  cos 2 m 9  Ti 
m=l 
(2m-1) 
a sin 2 m a  cos 2 m 8 
m=l  
2 (m+ 1) 
Pp_---- 
'ii (2m i 1) a sin 2 m p cos 2 m 9 (13; 
38 
m . 
5 1 ] sin 2 m p  cos 21118 (14) 2 G u r  pa n - - 2 p - C - 1  m 2 n i  - 1 4- 2 111 + 1 
m=1 
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* 
B. THE EXPONENTUIJ BOUNDARY CONDYI'lON PROBLEM: 9, - i Tio = p c 2iO 
Boundary Condition at r = a 
With boundary conclitions (5)  and (7) where An is defined by (€9, the Fourier series 
representation of boundary conditions: 
- 
"To the authors' knowledge this problem has not been solvcd before. 
40 
Using (9) and coiiiputing €01- a and bjl: 
11 
m 
(2 m -t 1) 2(m+ 1) -2fm4- 1) 
x(ni - 1) P a  s in  2 (in - 1) p z 
m 
-2(m-k 1) sin 2 (m i- 1) p z n(m -I- 1) 
m=2 
Calculation of Dis pl acenient s: 
Using (12) at p = 1 
cos 2(m+ 1) 8 IT c 2 G u  - - -   2 E p c 0 ~ 2 9  - 
' P a  
ni=l 
cos 2(m-1) 0 1 sin 2 m p 1 2m - 1 + 
Calculation of Stresses: 
Using (15) and (16) 
43 
IT 2m 
- = 6 p p 4 c o s 2 8  - 2 m - 1  
m=2 
[ 2 m - 2 - ( 2 m i - 3  % P 
43 
2(m+ 1) 
m +  1 sin 2(m t- 1) p cos 2 m 8 
m=O 
n 
pL J sin 2(m - 1, p cos 2 m e  
41 
m=O 
T - Tr = 2 p p  2 ( 2 - 3 p ) s i i i 2 0  2 
re P 
42 
C. NZT RESU1,TS -- Obtainccl by ,%miming Solutioiis oE A and 33. 
Net  Radial ._ Displaccnicni 
Add (14) and (24) to o5tain the lief radial ciisplacciiiciit relation: 
) cos 2 m 0 1 2 m  -t- 1 
-f- --5 
+ (2m - 1 
At 0 = 0 ,  radial cljsplacemenis is maximurn. 
cos 2 (m - 1) E) J 1 
2111 - 1 
f -- 
For the application of the resclts to the calculation of moclulus of deformabiliti-, it 
is necessary to obtain a relation contahinng the integrated value of displacement. 
d y  = d s c o s 8  = a c o s O d 8  
P 
3 a s i n ?  = [R.H.s. (23) ]  acos  O d e  s IT [ 2 G E r  -
0 
P a  
(28) 
43 
Replacing 5 = 3 4 v in  the resu1.t g h w :  
5 - 4 v  3 - 4 v  sin 3 3 ] s i l i p  -I- -- a 
G [ 2 GUr - ] s i i ip  = - 2 p  [ ---. P a  2 
co 
1 3 - 4 v sin (Sm -I- 1) sin c2ni 3- 3) 6 -!- 2 m  [ 2m 4- 1 2ni -I- 3 
m=1 
3 sin (2m + 1) 3 -I- 3 - 4 v  1 sin ( Z m  - 1) F 1 [ - ~ n i - l  2m f 1 2ni -t- 1 3- + [ 2m-i 
11 
1 s in  (2m - 3) $ + sin (2111 - 1) /s 
I- 21n - 1 1 2m - 3 21n - 1 
Add (17) and (25) and rearrange the te rms .  
At 8 = ~ / 2 ,  p = 1 is maximum. Replacing 
4-1 m = O ,  2 ,  4 ,  ... 
c o s 2  m 6 = 
- 1  m = l ,  3,  5, ... 
into (32) 
For /3 =  IT/^ (Q = 2 p) ,  U 0 -   
This result chccks with finite element analysis. 
- &  
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(33.1 
(33) 
(34) 
. 
A t e = O ,  p = 1. 
00 
sin (m+ 1) 2 p 7r 3 c;n7;i 
m=O 
= 4 F  + 
n F o r p  = - 4 
8 - n + 3 A r c t a n 1  = n $. - 3 n then (re = 1.75 p = 0.875 Q aep - 4 
Net (rr 
Add (18) and (26) a i d  rearrange the ternis, 
00 
2 
3. c p2(m+1) sin 2 (111 4- 1) p n = 2 p p 2  [ 1 +  ( 4 - 3 p ) c o s 2 0 ]  
In -!- 1 0;. 
m = O  
Net T,o 
Add (19) and (27) and rearrange the terms.  
1 2 [ 2m-i- 4 - { 2 m +  5) p ] sin2 (mi- 2) E) 1 + -  m + -  1 
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Equation (31) is used in the calculation of thc modulus or deformation in 
terms of applied pressures  and corresponding deformations. Using Q = 2 p,  
Ud 
- 
= 2Ur, d = 2 a, and G = E/(2 (1 + v) ) , (31) can be rewritten as: 
Q d  E = K (v,/3) zr- 
Ud 
Values of K (v , p )  are expressed in Table 2 for different values of v and p .  
Q is the pressure actually applied to the rock (see 37). The variation of K (v, 0) 
with respect to p is shown in Figure 2 €or values of v = 0.25, 0.40, and 0 . 1 0 .  It 
is observed that K has a maximum value at p = 45O,  the case o€ the NX bore hole 
uniaxial jack. 
(37) 
NOTE: R.  H.  S. signifies the te rms  to the right of the equal sign in Equation (31). 
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